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Abstract
Recently a novel hadronic state of mass 6.9 GeV, that decays mainly to a pair of
charmonina, was observed in LHCb. The data also reveals a broader structure centered
around 6490 MeV and suggests another unconfirmed resonance centered at around 7240
MeV, very near to the threshold of two doubly charmed Ξcc baryons. We argue in this
note that these exotic hadrons are genuine tetraquarks and not molecules of charmo-
nia. It is conjectured that they are V-baryonium , namely, have an inner structure of a
baryonic vertex with a cc diquark attached to it, which is connected by a string to an
anti-baryonic vertex with a c¯c¯ anti-diquark. We examine these states as the analogs of
the V-baryonium states Ψ(4360) and Y (4630) which are charmonium-like tetraquarks. A
simple method to test these claims is by searching for a significant decay of the state at
7.2 GeV into ΞccΞcc. Such a decay would be the analog of the decay of the state Y (4630)
into to ΛcΛc. We further argue that there should be trajectories of both orbital and
radial excited states of the X(6900). We predict their masses. It is possible that a few of
these states have already been seen by LHCb.
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1 Introduction
Recently, LHCb reported the discovery of a new structure in the J/Ψ pair mass spectrum at
around 6.9 GeV [1]. This is a new exotic candidate, X(6900), which is expected to be a fully
charm tetraquark, that is have the quark content ccc¯c¯. Its measured mass and width are (in
MeV)
M [X(6900)] = 6905± 11± 7 (1.1)
Γ[X(6900)] = 80± 19± 33
or, using a second fitting model
M [X(6900)] = 6886± 11± 11 (1.2)
Γ[X(6900)] = 168± 33± 69
The data also reveals a broader structure centered around 6490 MeV, referred to as a “thresh-
old enhancement” in [1], and also suggests the existence of another resonance centered at
around 7240 MeV, very near to the threshold of two doubly charmed Ξcc baryons. See figure
1. The higher state, which we will refer to as X(7200), has not been confirmed at this stage.
In describing exotic hadrons one broadly distinguishes between “molecules” which are
bound states of color singlets, and genuine exotic hadrons which cannot be described in that
way. In the case of the latter there should be a mechanism of building up the exotic hadron
from its constituents.
In [2] it was shown that the spectra of mesons and baryons of both light and heavy quark
content match very nicely the spectra of the HISH (Holography inspired stringy hadron)
model [3].1 A meson in HISH is a string with two massive particles (quarks) on its ends.
A baryon of this model is built from a baryonic vertex (BV)2 which is connected to three
quarks. For many states in the spectrum the preferred configuration is such that the BV and
two of the quarks are close together and form a diquark, which is attached by a string to the
third quark.
Since the strings have an orientation, it can be used to define anti-quarks and anti-BV
branes. With these basic ingredients of baryonic vertices, diquarks and strings, it is easy to
construct a tetraquark. The basic picture is of a diquark connected by a string to an anti-
diquark. Holographically it involves a baryonic vertex and an anti-BV that are connected by
a string. Then, since the vertices need to have in total three strings incoming or outgoing,
they are each connecting to two more strings, which for the diquark and anti-diquark. The
meson, baryon, and tetraquark are decpicted in figure2. We refer to this type of tetraquark
as V-baryonium since it can be seen as a bound state of a BV plus diquark and an anti-BV
plus anti-diquark, and the BV and anti-BV can be thought of carrying baryon number +1
and −1 respectively. Note that it is not a baryonium in the sense of a bound state of color
singlets.
The V-baryonium tetraquarks are characterized by the following properties:
1In holography hadrons are described by stringy configurations in curved ten dimensional curved back-
ground. The HISH model is based on a map between these strings and strings in flat four dimensionsal space,
which are used to describe mesons, baryons, glueballs and exotics. For a holographic model of tetraquarks in
a different approach see [4, 5].
2In holography the BV is a Dp-brane wrapped over an p-cycle which by conservation of charge must be
connected to Nc strings [6].
1
Figure 1: Location of peaks in the LHCb data. Adapted from figure 7 in [1]. The 7.2 GeV
state appears to be almost exactly on the ΞccΞ¯cc threshold, which is at 7242 MeV.
1. Since it is built from a string, then like all other stringy hadrons it must have trajectories
of higher excited states, one of states with higher angular momentum, and one of
higher radial excitation number. We refer to this trajectory as a HISH modified Regge
trajectory (HMRT) [2]. Since the mesons, baryons, and V-baryonium tetraquarks can
all be seen as a single string with massive particles on it, as depicted in figure 2, the
function describing the trajectories in the same for the different types of hadrons.
2. The ground state, and possibly a few lower excited states of the V-baryonium , has a
mass which is lower than the sum of masses of the lightest baryon and anti-baryon pair
with the same diquark and anti-diquark content as that of the tetraquark. On the other
hand higher excited states on its trajectory will have a mass larger than that threshold
mass.
3. Correspondingly, there are different decay modes for the below and above threshold
excited states. The most probable mechanism of decay of the higher excited states is
via a breaking of the string the connects the BV and anti-BV, creating a light qq¯ pair.
Then the decay products of the V-baryonium are a pair of a baryon and an antibaryon
[7] that preserve the diquark and anti-diquark. The probability for this type of decay
is proportional to the total length of the string.
4. States with masses below the threshold cannot decay by a breaking apart of the string.
Instead we propose here another mechanism where due to quantum fluctuations the
BV and anti-BV reach the same point and annihilate. The strings attached to them
are then reconnected to form two mesons with the same quark content as the original
tetraquark. The probabilty of the vertices meeting is suppressed exponentially in the
string length squared.
Our prototype case was the exotic hadron Y (4630) discovered in Belle [8] and seen to decay
to ΛcΛc. In [7] we argued that it is a charmonium-like tetraquark built from a diquark of c and
u/d, and an anti-diquark of c¯ and u¯/d¯. Naturally, one can built many other types tetraquarks
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Figure 2: The structure of hadrons in holography and HISH: (a) cc¯ meson, e.g. J/Ψ. (b)
Doubly charmed baryon, Ξcc. (c) fully charm V-baryonium tetraquark, conjectured structure
of X(6900).
from other diquarks and anti-diquarks. In [7] we discussed the analogous bottomonium-like
tetraquarks, as well as the possibility of a tetraquark containing ss¯.
In this note we revisit the charmonium-like V-baryonium candidate, and apply the lessons
learned from it is to the system of the newly discovered state X(6900) and the other reso-
nances in its vicinity. We can use the string model to predict the masses and evaluate the
widths of the states.
In particular we show that there is good reason to believe that the state Y (4630) is the first
radial excitation of Ψ(4360), which was seen in the Ψ(2S)pi+pi− channel. Another resonance
seen in that channel is Ψ(4660), which we identify with the Y (4630) observed in ΛcΛc. The
Y (4630) is above the baryon-antibaryon threshold by about 60 MeV and has both types of
decays described above. The two states are both V-baryonium tetraquarks and belong on a
HMRT together.
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Similarly, we see that one can organize the three resonances at 6490, 6900, and 7240 MeV
of figure 1 on a HMRT, and we can estimate their widths based on the stringy model.
We also conjecture the existence of many more V-baryonium states grouped into sym-
metric, semi-symmetric and asymmetric tetraquarks, which should be located around the
corresponding baryon-antibaryon thresholds. We further argue that finding certain such
tetraquarks can be an indirect way to observe for the first time baryons like those with
bottom and charm quarks or doubly bottom ones baryons.
The note is organized as follows: In section 2 we briefly describe the structure and prop-
erties of the V-baryonium tetraquarks in the HISH model. In section 2.1 we describe the
classes of tetraquarks. In section 3 we describe the two possible decay mechanisms for the
V-baryonium states. Section 4 is devoted to the analysis of the system of Ψ(4360)/Y (4630),
which are the charmonium like tetraquark candidates. In section 5 we present our analysis
and conjectures regarding the recently discovered state X(6900) and the other states in its
vicinity. The structure and masses are described in section 5.1, and decay widths in 5.2. In
section 6 we present the predictions about novel V-baryonium tetraquarks. In 7 summarize
our predictions and list several open questions.
2 The structure and properties of the V-baryonium tetraquarks
The construction of the HISH tetraquarks is based on the observation that many baryons in
nature, and especially the excited ones, have the structure of a diquark connected by a string
to a quark [9]. In holography this is realized as a baryonic vertext (BV) connected to three
strings representing quarks. Two strings are very short ones and together with the BV form
a diquark, and the last string is a long one connecting to the remaining quark.3 This system
depicted in figure 2b. With this picture of the baryon it is natural to construct an exotic
tetraquark. One can simply replace the quark at the end of the string with an anti-diquark,
as depicted in figure (2c). Thus, a V-baryonium tetraquark is a string where on one end of
it there is a BV plus a diquark and on the other end an anti-BV and an anti-diquark. The
V-baryonium has “hidden baryon number” - its baryon number is zero but it it is constructed
from objects carrying baryon numbers +1 and −1.
In the HISH model we depict the hadron as a string with tension T and with massive
endpoints m1 and m2. In [10] classical solutions of rotating strings with massive endpoints
were written down. The corresponding energy and angular momentum of this classical system
are given by
M =
∑
i=1,2
(
γimi + T`i
arcsinβi
βi
)
, (2.1)
J =
∑
i=1,2
[
γimiβi`i +
1
2
T`2i
(
arcsinβi − βi
√
1− β2i
)]
. (2.2)
where βi is the velocity of the endpoint, γi = (1− β2i )−1/2, and `i is the radius of rotation of
the endpoint. The total length of the string is L = `1 + `2, and the solution has to obey the
3In holography, for a diquark that includes a heavy flavor quark the string that connects it to the BV is a
long string in the holographic direction but its projection to real space coordinates is small.
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equations
T
γi
=
miγiβ
2
i
`i
(2.3)
which are the force equations on the endpoint particles. The endpoint velocities βi are related
to each other from the condition that the angular velocity is the same for both endpoints,
implying
ω =
β1
`1
=
β2
`2
. (2.4)
These are the defining equations of a function J(M), which we call the classical HMRT
(holography modified Regge trajectory). For the case of massless endpoints this reduces to
the famous classical Regge trajectory relation J = α′M2 with the Regge slope α′ = (2piT )−1.
Note that we typically associate J with the orbital angular momentum of a state, the spin of
the endpoints being added separately.
By comparing the predictions of the HISH model (including quantum corrections) with
the known spectra of mesons and baryons the optimal values of the “string endpoint masses”
mi
4 for the quarks and for the diquarks of the various flavored quarks were determined
[2]. Even though in holography it may be modified we assume here, based on our previous
analysis of the baryonic spectra, that the mass of a diquark is given at leading order by
mq1q2 = mq1 +mq2 .
The previous expressions are classical. Quantizing the fluctuations of the string around the
classical solution yields for the case of the massless endpoints the quantum Regge trajectory
J+n = α′M2+a where ωn = n is the eigenfrequency of the n-th excited state and a = 12
∑
n ωn
is referred to as the intercept. In [11] the quantization of the string with small massive
endpoints was performed in the non-critical dimensions d = 4 and the eigenfrequencies and
intercept were determined as a function of the endpoint masses.
For phenomenological purposes we found [2, 12] that we should introduce the quantum
corrections by the replacement J → J + n − a, in analogous fashion to the massless string.
Since we add n and not ωn (which is only known for fluctuations around strings obeying
TL/m  1), the price we pay is that we get different effective slopes for orbital and radial
trajectories, α′J 6= α′n. As for the intercept, in bosonic string theory a = 1, which implies a
tachyonic ground state. To fit the experimental data one always needs a negative intercept.
Since we define it in relation to the orbital angular momentum, we can write a˜ = a− S < 0,
where S is the spin (not the total angular momentum) of the system and a the intercept
defined with respect to the trajectory of the total angular momentum as a function of the
mass. The negative intercept implies that there is a repulsive Casimir force that acts on the
string endpoints, FC =
−a˜
L2
where L is the length of the string. Due to this force non-rotating
strings, that classically would collapse to zero size because of the string tension, now have a
finite length and are non-tachyonic.
When comparing the intercepts of mesons and baryons we find that they are different
even when they are composed of the same type of quarks. This implies that the fluctuations
of a system that includes a string and an endpoint built from a BV and a diquark is different
from that with an ordinary quark as an endpoint. There are two possible reasons for this
difference: (i) the quantum fluctuations of the BV, and/or (ii) a change of the boundary
4 The HISH model the “string endpoint mass”’ corresponds in holography to the action of the string along
the vertical segment of the hadronic string
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condition of the string which changes the eigenmodes of the fluctuations. If we denote by a˜m
and a˜b the intercepts of a meson and a baryon of the same flavor structure, the the difference
of the intercepts is ∆a˜ = a˜b − a˜m. If the cause of the difference is the quantum fluctuations
of the BV then we anticipate that a˜t ≡ a˜m + 2∆a˜ = a˜b + ∆a˜ . In this work we simply use
experimental data to determine the intercepts when necessary.
The parity and charge conjugation parity of the V-baryonium should depend on the string
and its endpoints. For mesons the rules P = (−1)L+1, C = (−1)L+S , which are based only
on the endpoint quarks, are very well known. Constructing tetraquarks as a bound state of
a diquark and an antidiquark, then unlike for mesons the endpoints will be bosons of spin 0
or 1. Thus, now parity and charge conjugation should be P = (−1)L and C = (−1)L+S .
2.1 Classes of tetraquarks
As was discussed in [7] tetraquark configurations can be classified according to symmetries in
their flavor content. We group them into symmetric, semi-symmetric and asymmetric states
as follows:
• Symmetric tetraquarks where the anti-diquark is built from the anti-quarks associ-
ated with those found in the diquark. For instance the diquark cu, and the anti-diquark
c¯u¯. These symmetric tetraquark configurations are flavorless and carry zero electric
charge. Altogether there are 15 different symmetric tetraquarks for 15 unique types of
diquarks composed of quarks of five flavors.
• Semi-symmetric tetraquarks in which there is one pair of quark and antiquark of
the same flavor and one pair which includes a quark and an anti-quark of different
flavors, for instance (cu)(c¯s¯). Thus the flavor content of these exotic hadrons is the
same as of mesons that carry non-trivial flavor and they can carry a charge of +1, 0,
or +1. We have 5 possibilities for a matched pair and 20 for the unmatched pair, so
altogether there are 100 possible semisymmetric tetraquarks.
• Asymmetric tetraquarks, where both pairs are of different flavor. We could have
any pair of quark forming the diquark and any two antiquarks forming the antidiquarks
thus altogether there are a priori 15× 15 = 225 possibilities of tetraquarks. Out of the
225 tetraquarks, we have 15 that are symmetric, 100 semisymmetric, and thus 110 are
asymmetric ones. The asymmetric tetraquarks can carry a charge of −2, −1 , 0, +1,
or +2, with a charge of ±2 being an obviously exotic feature (for hadrons with baryon
number zero).
3 Decays of the V-baryonium tetraquarks
The generic decay of a stringy hadron is by breaking up of the string into two strings.
However, for mesons we know that there are also decay channels that involve an annihilation
of the string endpoints, as is the case for OZI suppressed decays for the low lying charmonium
and bottomonium mesons [12].
The decay of the low lying tetraquark states cannot be via breaking of the string since
they can generally be below the relevant threshold. Their decays involve an annihilation, not
of a quark-antiquark pair, but rather of the BV with the anti-BV.
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The higher excited states on the V-baryonium HMRT can break apart, and above thresh-
old those are the dominant decays. We describe both types of decays in the following.
3.1 The decay mechanism of below threshold states
As explained in the introduction the natural decay mode of the V-baryonium tetraquark is
into a baryon and anti-baryon. However, this cannot take place for the ground state and
possibly other low lying states because their mass is less than that of the baryon anti-baryon
pair. This is expected to be a generic property of the V-baryonium may be viewed as a
type of baryon anti-baryon bound state, but where one pair of a quark and anti-quark was
annihilated, making it is a state of four constituents and not six. Then there is a certain
binding energy which can ascribed to these states and therefore they cannot decay into a
the baryon anti-baryon pair. However, the V-baryonium states are not stable since they can
decay via other channels. A possible decay mechanism involves the annihilation of the BV
with the anti-BV.
Due to quantum fluctuations there is a certain probability that the BV and anti-BV,
that on the average are separated at a distance L (the length of the string), will hit each
other. The annihilation process should be accompanied by a reconnection of the strings that
originally connected the BV to the quarks on flavor branes with the strings that stretched
from the anti-BV to the flavor branes but at another point in space. This mechanism of
decay is depicted in figure 3a.
The probability of such a decay is the product of the probability that the BV and anti-BV
will be at the same point in space times the probability of an annihilation of the BV pair.
P = Psame location × Pannihilation (3.1)
In [12] we estimated Psame location for a similar system to be
Psame location =
√
pi2Te
−TL2
2 ≈
√
pi2Te−
4(M−2m)2
9T (3.2)
where T is the string tension, M is the mass of the tetraquark and m is the mass of the BV
and diquark. The main result is the exponential suppression in the string length.
In the simplest process of reconnection of the strings following the annihilation, the decay
products are two mesons with the same quark content as the original tetraquark. There are
also processes where additional light qq¯ pairs are created and there are three or more mesons
in the final state. An example is the decay of the charmonium-like V-baryonium candidate
Ψ(4360) into Ψ(2S)pi+pi− which we examine in section 4. In that case we still expect the
overall factor of Pannihilation ∼ e−TL2/2 in the decay width.
3.2 The decay mechanism of the higher excited states
For V-baryonium states with masses above the baryon-antibaryon threshold then the natural
mode decay is via the breakup of the string. This is drawn in 3b. As was shown in [12], the
total decay width of any hadron that involves a breaking up of a string is given by
Γ =
pi
2
A× Φ× TL (3.3)
7
CS
u/d
HISHHolography
C
S
u/d
C
C
C
C
b. Decay of excited state to 
C
S
u/d
C C
C C
C
C
C
C
C
C
C
C
u u
u u
C
S
u/d
a. Decay of g.s to ( c  c ) ( c  c ) 
Xcc Xcc
Figure 3: (a) The decay of the ground state of a ccc¯c¯ V-baryonium tetraquark to a pair of
charmonia. (b) The decay of an excited state to a doubly charmed baryon and anti-baryon,
both in holography (left figures) and in HISH (right figures).
Where A is a dimensionless constant found to be A ∼ 0.1 for mesons, T and L are the string
tension and length. The factor Φ accounts for phase space. As in the previous subsection,
here also we can express the string length L in term of the mass of the tetraquarks and
the masses of the string endpoint particles. The linearity of the decay width in L can be
intuitively understood since the string can be torn apart at any point along its length.
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The phase space factor Φ takes the form
Φ =
2|pf |
M
=
√√√√(1− (M1 +M2
M
)2)(
1−
(
M1 −M2
M
)2)
(3.4)
where M is the mass of the decaying particle, and M1 and M2 the masses of the outgoing
particles, in the main channel of decay. It is only included in the phenomenological model
to account for the suppression of decays for states that have little phase space to decay, so
it is only relevant to states just above threshold to decay, and should not be included for
states which have multiple viable decay channels (see section 8.1.2. in [12] for a detailed
explanation).
Lastly, we discuss the possibility that both types of decay discussed in this section are
present. The simplest way to account for both is to add the two widths as
Γ =
pi
2
A× Φ× TL+ A˜
√
T × e−TL
2
2 (3.5)
where A˜ is another dimensionless constant, proportional to Pannihiliation from the previous
subsection. The former channel will be dominant for excited states, which are long strings,
but could be suppressed by the phase space factor for near-threshold states.
4 The Ψ(4360) and Y (4630) tetraquark system
The sector of hidden charm mesons is particularly rich in exotic candidates [13–15]. The
prototype state that we believe is a V-baryonium state is the Y (4630) which was observed by
Belle in 2008, in the process e+e− → γΛ+c Λ−c , with a significance of 8σ [8]. The parameters
measured there for the Y (4630) were
JPC = 1−− , MY (4630) = 4634+9−11 , ΓY (4630) = 92
+41
−32 . (4.1)
In [7] we considered several options of interpretation of this hadronic state and concluded
that the most plausible possibility is that it is a V-baryonium tetraquark. This conclusion
is largely based on the fact that it decays to ΛcΛc which as mentioned above is the natural
decay mode of such a state. The tetraquark nature of the Y (4630) state was explored in
other contexts as well [16–20].
The Y (4630) is often identified, including by the PDG [21,22], with the nearby resonance
Ψ(4660) (formerly Y (4660)), which was seen in e+e− → γpi+pi−Ψ(2S). It also has JPC =
1−−, and its mass and width are, according to the latest average by the PDG [23],
MΨ(4660) = 4633± 7 , ΓΨ(4660) = 64± 9 (4.2)
Note that these averages also include the Y (4630) measurements of Belle.
We have two options. Either there are two separate states and the Y (4630) decays only
to baryon-antibaryon, or they are the same state that has both decays to Ψ(2S)pi+pi− and
ΛcΛc. In the following we expand upon the discussion in [7] to include the latter possibility.
Since the Y (4630) is only about 60 MeV above the ΛcΛc threshold, it is more likely that
it should have both channels of decay for its width to be as large as measured, as we show
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below. There have been multiple works studying the Y (4630) and Ψ(4660). These include
[24–34].
Another role is played by the Ψ(4360), a lower mass state which has very similar proper-
ties. It is another 1−− state seen in e+e− → γpi+pi−Ψ(2S). Its mass and width are measured
to be
MΨ(4360) = 4368± 13 MeV , ΓΨ(4360) = 96± 7 MeV (4.3)
This state is well below the ΛcΛc threshold, but it is as wide or wider than the Y (4630).
The basic proposition of [7] was that if the Y (4630) is a V-baryonium tetraquark, it should
be part of a HMRT. Using the values of mcu ≈ mc and α′ of the cc¯ trajectories, we used the
known mass of the state Y (4630) to extrapolate from it to higher states along the trajectory.
We use the values
mc = 1490 MeV , α
′
J = 0.86 GeV
−2 , α′n = 0.59 GeV−2 . (4.4)
There are two different slopes, determined from the analysis of the charmonium spectrum:
one for orbital trajectories in J and one for radial trajectories in n.
By extrapolating the trajectory backwards to lower masses, we find that the Ψ(4360) is
exactly at the right mass for the Y (4630) to be its first radially excited state.
We now suggest that Y (4630) and Ψ(4660) are the same state, which is a radially excited
partner of the Ψ(4360), and the two states are both V-baryonium tetraquarks. The Ψ(4360)
is below threshold and decays via BV-anti-BV annihilation as described in section 3.1, while
the Y (4630) which is above but close to the ΛcΛc threshold has both types of decays.
For the higher excited states, the ΛcΛc decays should be dominant, and their masses
should be such that they fall on the HMRT.
We can estimate the two partial decay widths of the Y (4630) in the following way. The
decay via a breakup of the string is given by eq. 3.3. Writing it for Y (4630),
Γtear =
pi
2
×A× Φ(Y (4630)→ ΛcΛc)× TL|Y (4630) = A× (268 MeV) . 27 MeV (4.5)
In the last step we use the typical value of A that we obtain from meson fits, which is around
0.1 or less. 5
This is not compatible with the full width of Y (4630) as measured by Belle. We can
evaluate the partial width for Ψpipi based on the width of the Ψ(4360) as
Γannihilation = Γ[Ψ(4360)]×
exp(−TL22 )|Y (4630)
exp(−TL22 )|Ψ(4360)
≈ 0.50× Γ[Ψ(4360)] ≈ 48 MeV (4.6)
Now we can see that adding both channels as in eq. 3.5 gives a result that is quite close to
the width of the Ψ(4660), which is measured at 64 ± 9. By taking A to be ≈ 0.06 we get
close to the exact measurement.6
In tables 4 and 2 we write the predicted masses of states on the radial and orbital HMRTs
of the Ψ(4360) and Ψ(4660).
5There is an ambiguity in this calculation since we have two choices we can make for the tension T =
(2piα′)−1, corresponding to the two measured slopes. Since we take Y (4630) to be a radially excited state we
use α′n in the calculation.
6Fitting the same formulas with T = (2piα′J)
−1 gives A = 0.1, which is more consistent with the other
trajectories fitted in [12].
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We can also use eq. 3.5 with A and A˜ as determined from the pair Ψ(4360)/Ψ(4660) to
calculate the width of the other states on the trajectory. However, given the ambiguities in
defining the tension and in the question of whether or not to include of the phase space factor
for higher states,7 we write only estimates. Unlike in [7] we now use the two states rather
than only Y (4360) as input. If we measure the slope between Ψ(4360) and Ψ(4660) we get
α′n = 0.60 GeV
−2, exactly as for the charmonium trajectories.
The next state 1−− should be just below 4900 MeV and decay predominantly to ΛcΛc.
We can estimate the ratio Γtear/Γannihilation for it to be roughly between 3 and 6.
n Mass Width
“-1” 4070 160–200
0 4368± 13 96± 7
1 4633± 6 64± 9
2 4870 80–210
3 5100 100–220
4 5300 120–240
Table 1: States on the radial trajectory of the Ψ(4360)/Ψ(4660). The higher excited states
are expected to decay into ΛcΛc. Another possible lower state, which is expected to be wider
than Ψ(4360), is also included.
JPC Mass Width
0++ 4170 160–200
1−− 4368± 13 96± 7
2++ 4550 50–80
3−− 4720 70–170
4++ 4880 80–210
JPC Mass Width
0++ 4460 70–100
1−− 4633± 6 64± 9
2++ 4800 90–210
3−− 4960 100–230
4++ 5110 120–240
Table 2: Orbital trajectories of the Ψ(4360) and Ψ(4660). Here we use the slope of α′J = 0.88
GeV−2 to predict orbitally excited partners of the two states. If the states are tetraquarks
there may be a lower state with JPC = 0++ as the ground state (which would not be the
case for an ordinary cc¯).
5 Analyzing the X(6900) and X(7200) exotic hadron states
We use the Ψ(4360)/Y (4630) system just described as our guiding line for the analysis of the
newly discovered X(6900) and the unconfirmed state near 7.2 GeV, which we call X(7200).
We also address the wider state near 6490 MeV.
We compute the states’ masses based on an assignment to a modified Regge trajectory,
and evaluate their widths within the HISH model.
7As was explained in [12], the factor Φ is added by hand only in those cases where there is a single allowed
channel with limited phase space. In higher excited state the growth of the width should be simply linear in
the string length.
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5.1 The structure and masses
We explore the system assuming it is a heavier analogue of the Ψ(4360)/Y (4630) system
described in the previous section. The basic assumption is that it is a fully charmed V-
baryonium tetraquark, with the quark content ccc¯c¯, which is built as a string connecting a
diquark to an anti-diquark. The tetraquark made up of four heavy quarks has been an object
of theoretical study for some decades, including models of diquark-anti-diquark bound states
[35–41]. In the holographic realization this configuration involves a BV and an anti-BV.
In the HISH model the states are described by a string with massive particles on its
endpoints, connecting a diquark of mass mcc ≈ 2mc, to an antidiquark of the same mass.
The experimental data are taken from [1]. There, only the mass of X(6900) is fully
specified and measured. However, we can read from the fit done in their figure 7 where the
other peaks are. There is a lower peak, wider than X(6900), centered at around 6490 MeV
which is dubbed a threshold enhancement in [1], rather than a resonance. The higher peak,
the X(7200) is a Breit-Wigner resonance located around 7240 MeV. This is very near the
threshold for baryon-antibaryon decay which is located at
2MΞcc = 7242.4± 1.4 MeV (5.1)
The four peaks in figure 7 of [1] are measured by us to be centered at 6260, 6490, 6900, and
7240 MeV. See figure 1.
5.1.1 The HISH modified Regge trajectories
The tetraquarks that are built from a BV and and anti-BV all share two characteristics. The
first is that, if they are heavy enough, their natural decay mode is to a baryon-antibaryon
pair. The second property is that excited states, whether with higher angular momentum or
with radial excitation number, should reside on a HMRTs. These are based on the spectrum
of the string connecting the BV and the anti-BV.
In [7] we determined the trajectories associated with tetraquarks made up of diquarks
that contain one b, c, or s quark and another light quark, e.g. bqb¯q¯ or cqc¯q¯, where q is u or
d. The results for the charmonium-like V-baryonium are given above in table 2. In a similar
manner we conjecture the trajectories on which the fully charm ccc¯c¯ tetraquark resides.
The parameters which determine the HMRT of a given hadron are the endpoint masses,
the string tension (equivalently the Regge slope), and the intercept.
For the ccc¯c¯ state, we take a mass of mcc = 2mc for both the diquark and anti-diquark
at the endpoint. The mass of the charm quark as a string endpoint was measured from the
spectrum of HMRTs of charmed mesons [2, 7], and is mc = 1490 MeV.
The value of the Regge slope is also known, but we have found that while it is a universal
parameter for light hadrons, it starts to depend on the mass when looking at cc¯ and heavier
states. Since the X(6900) is in an intermediate range between cc¯ and bb¯ we could expect the
relevant slope to be somewhere between those measured for the cc¯ and bb¯ trajectories.
We also observe a difference between the slopes of orbital and radial trajectories, which
we denote by α′J and α
′
n respectively. The results of [2] are that for light mesons the slopes
are
light: α′J = 0.88 GeV
−2 α′n = 0.80 GeV
−2 (5.2)
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This includes the trajectories of all mesons containing only u, d and s quarks, and also heavy-
light mesons, i.e. those with a single c or b. For the charmonium the orbital slope is the
same, but the radial one is lower,
cc¯ : α′J = 0.88 GeV
−2 α′n = 0.60 GeV
−2 (5.3)
while for the bottomonium trajectories both are lower
bb¯ α′J = 0.55 GeV
−2 α′n = 0.42 GeV
−2 (5.4)
We also have a single measurement of the radial slope coming from a pair of Bc mesons,
which gives α′n = 0.56 GeV
−2, a value between the charmonium and bottomonium slopes.
We assume that the slope of the trajectory of the V-baryonium state which is composed of cc
and c¯c¯ diquarks with mass 2mc will be in the same range, which is assuming that there is a
smooth monotonous function of the mass that interpolates the values at mc and mb.
To summarize, we assume the X(6900) belongs on a HMRT belonging to a string with
masses mcc ≈ 2mc on both of its endpoints, and an effective slope between the charmonium
and bottomonium values. Then we calculate the intercept for each slope, and then the higher
states on the trajectory. We can also go backward on a trajectory and find where a lower,
unexcited state would be. We can go at most two steps backward before we reach masses
lower than 4mc. For higher values of the slope the n = −2 state is not present.
We predict the first few states in the trajectory of the X(6900) in table 5.1.1. The mass of
X(6900) is taken to be 6895 MeV for the purpose of the calculations, being a simple average
over the two measurements. Experimental uncertainties should be added to the estimates in
the table.
One result that is not dependent on the slope in this range is that the n = 1 state around
7200 MeV is generally expected to be below or very close to the threshold of two doubly
charmed baryons. This is in contrast to the Y (4630), which is 60 MeV above threshold.
In fact, there appears to be good agreement between the Regge trajectory with the bb¯
slope, α′n = 0.42 GeV
−2, and the three states seen by LHCb. If we take as input the mass of
X(6900) and that value of α′n, then going backward on its trajectory we should find a state
with mass 6470 MeV, and a higher state near 7240 MeV, which nearly exactly matches with
[1]. See figure 5.1.1. On this trajectory the next state, which should decay predominantly to
ΞccΞ¯cc, would be near 7500 MeV.
5.2 Decays of the X(6900) and X(7200) states
As explained in section 3 there are different mechanism of decay for states below or above the
baryon-antibaryon threshold, as we have argued is the case for the pair Ψ(4360) and Y (4630).
Here we examine the states X(6900) and X(7200), in direct analogy to the discussion in
section 4.
The states below the baryon-antibaryon threshold are expected to decay in a process that
involves annihilation of the BV and anti-BV, a process which is suppressed exponentially
in the string length. Above threshold, they should decay via tearing of the string, which is
proportional to the length. States above but close to the threshold are expected to have both
modes.
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n Mass
“-2” 6000–6220
“-1” 6460–6610
0 6895
1 7140–7230
2 7350–7530
3 7560–7800
Jorb Mass
“-2” 6110–6480
“-1” 6570–6700
0 6895
1 7060–7160
2 7220–7390
3 7360–7610
Table 3: Trajectories of the X(6900), radial and orbital. We take values between between
0.42 and 0.60 GeV−2 for the radial trajectory slope α′n, while α′J goes between 0.55 and 0.88
GeV−2. For lower slopes the mass differences between successive states are higher and the
intercept smaller (in absolute value). The intercept is obtained to be between -2.3 and -1.6
for the radial trajectory and between -3.4 and -2.1 for the orbital one, depending on the slope.
Figure 4: Radial HMRT of the X(6900) with α′ = α′
bb¯
= 0.42 GeV−2. The X(6900) is placed
at n = 0 although it might not be the ground state. The resonances at 6490 MeV at 7240
MeV, placed here at n = −1 and 1 respectively, both fit the trajectory well. The next few
states are at 7530, 7800, and 8050 MeV.
5.2.1 The decay of the X(6900)
The mechanism of the decay of the X(6900) was explained in 3.1. The probability of the
decay process is given in eq. 3.2. To avoid a complicated calculation of the pair of BV anti-
BV annihilation we will make the plausible assumption that it is the same for the Ψ(4360)
system and the X(6900) and hence the ratio of the widths of the latter to the former is
ΓX(6900)
ΓΨ(4360)
'
exp
(
−TL22 |X(6900)
)
exp
(
−TL22 |Ψ(4360)
) ≈ exp
(
−4(MX(6900)−4mc)29T
)
exp
(
−4(MΨ(4360)−2(mc+md))29T
) (5.5)
Since it is a ratio of two exponential terms it is quite sensitive to uncertainties of the param-
eters and we cannot determine an accurate prediction of the width. In addition, there is no
guarantee that the states share the same string tension, so we must account for that as well.
By checking some plausible values of the string tension and the diquark masses, we see that
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the ratio is always larger than ≈ 1.9. Since the width of Ψ(4360) is 96 ± 7 MeV, the model
suggests that
Γ[X(6900)] & 180 MeV (5.6)
Therefore it is more compatible with the larger width of 168± 33± 69 MeV for X(6900).
We can also use the formula to predict the ratio of widths between X(6900) and the lower
state at 6490 MeV, assuming that it shares the same V-baryonium structure, with the result
that is should be wider than X(6900) by a factor of 1.4–2.0. This qualitatively matches the
data, which shows that X(6900) is the narrower state. Based on the lower bound above, the
6490 MeV state should have a width of at least 250 MeV.
Note that the state at 6900 MeV is heavy enough to also decay to J/ΨDD¯, which would
be interesting to see in experiment.8 This can also lower the prediction for the width of the
lower state depending on the branching ratio.
5.2.2 The decay of the X(7200)
It is not clear whether the X(7200) is heavy enough for the baryon-antibaryon decay to ΞccΞ¯cc
to occur. The data from LHCb suggests that it is very near to the threshold, and so do our
calculations of its mass as the first radially excited partner of the X(6900).
If it is above threshold the natural decay mechanism, as was shown in figure... , is of
breaking the string and creating a quark and antiquark. The decay products are then a
baryon-antibaryon pair.
We can estimate the decay width of the X(7200) in two possible models. The first is
assuming that it is above threshold and decays only to the baryon-antibaryon, and assuming
that likewise Y (4630) decays only to ΛcΛc. Then we can estimate that the ratio of the two
states’ widths is approximately given by the ratio of their lengths, adjusted for phase space
corrections:
ΓX(7200)
ΓY (4630)
' (TL)[X(7200)]
(TL)[Y (4630)]
× Φ[X(7200)→ ΞccΞ¯cc]
Φ[Y (4630)→ ΛcΛ¯c] (5.7)
This can be written solely as a function of the mass of the X(7200), or in terms of ∆M =
MX(7200) − 2MΞcc . It is given by
ΓX(7200)
ΓY (4630)
≈ 4.78√x(1 + 2.45x) (5.8)
where x = ∆MMΞcc
. We can use this simple formula to estimate the decay width. For instance,
if the state is just above threshold, with ∆M = 10 MeV, then ΓX(7200) ≈ 23 MeV. For a
larger mass difference ∆M = 50 MeV we get that ΓX(7200) ≈ 53 MeV, and so on. Given the
large error in the measured width of Y (4630) from ΛcΛ¯c (eq. 4.1), then these values will also
have an error of about 40–50% in addition to uncertainties from the model.
The second model is more in line with what was presented in section 4, and includes the
decays of X(7200) by BV-anti-BV annihilation, resulting in the a pair of charmonia. In the
same way we calculated the width of Ψ(4660) based on the width of the below threshold
Ψ(4360), we can use the X(6900) to give an estimate of Γ[X(7200] when X(7200) is below
threshold. Then its width should be narrower than that of X(6900) as given by the ratio of
8We thank Ivan Polyakov for pointing this out to us.
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exp(−TL2/2), as in the last section. The result is that the width of the X(7200) should be
45–70% of the width of the X(6900), depending on the state’s exact mass and the value used
for the tension.
Then there is the possibility that the state is above threshold and both decay channels are
present, as we argued was the case for the Y (4630)/Ψ(4660). In that case eq. 5.8 becomes
the ratio of the partial decays widths Γtear[X(7200)]/Γtear[Ψ(4660)].
Then the decay width is estimated as
Γ[X(7200)] ≈ (0.45–0.70)× Γ[(X(6900)] + 4.78√x× Γtear[Ψ(4660)] (5.9)
where Γtear[Ψ(4660)] was about 20–30 MeV. The second term is less than 10 MeV as long as
∆M . 40 MeV, so the larger part will come from the first term, which is in the range 40–140
MeV depending on the measurement used for Γ[X(6900)].
6 Predictions about novel V-baryonium tetraquarks
Using the same logic, as we have used above for the X(6900) and X(7200) system, it is natural
also to predict other V-baryonium states. For example an exotic tetraquark built of diquark
of c and s quarks with mass MYcs = 2MΞc + δMcs = 4.936 GeV + δMcs, where δMcs is the
difference between the actual mass of the hadron and the threshold mass which is sum of
mass of the baryon and anti-baryon. For the case Y (4630) δM = 62 MeV.
The states conjectured to have a structure of a tetraquark - Y (4630), X(6900) and related
states discussed above, and Ycs just discussed are symmetric in their structure in the sense
that for q1, q2 attached to a baryonic vertex, on the other side there is a q¯1 and q¯2 which are
attached to the anti-BV.
However, as was mentioned already in [7], there is no reason not to expect also asymmetric
tetraquarks, namely where on the anti-BV there will be q¯3 which is different than q¯1 and q¯2
and similarly also for q¯4. For exotics that include both c and c¯ asymmetric tetraquarks can
have the following structures (c, c, c¯, s¯), (c, c, c¯, u¯/d), (c, s, c¯, u¯/d). If these exotic hadrons
admit the structure described above their masses should be somewhat larger than
MYc,c,c¯,s¯ &MΞcc +MΞc = 6089 MeV
MYc,c,c¯,u¯/d &MΞcc +MΛc = 5897 MeV
MYc,s,c¯,u¯/d &MΞc +MΛc = 4754 MeV
In [7] we have presented a detailed analysis of the analogs of the Y (4630) for the exotics
build from strange and bottom quarks, namely tetraquarks where there is one bottom/strange
quark attached to the BV and a single anti-quark with the same flavor to the anti- BV In
analogy to the passage from a single charmed Y to the doubly charmed V-baryonium there
may be exotics related to such transformations also for the bottom, strange, and maybe also
for light-quarks of the form Yq → Yqq where q stands for b, s, u/d.
In table 3 we list the threshold masses for all possible symmetric V-baryonium . In the
first two lines, since the corresponding baryons have not be found yet, we estimated their
masses instead. In all other line we use the PDG values of the corresponding baryons.
16
Quark Decay products Threshold
content (Above threshold) [MeV]
bbb¯b¯ [Ξbb] [Ξ¯bb] ∼ 20600
bcb¯c¯ [Ξbc] [Ξ¯bc] ∼ 14200
bsb¯s¯ Ξb ξ¯b 11594
bqb¯q¯ Λb Λ¯b 11240
ccc¯c¯ Ξcc Ξcc 7240
csc¯s¯ Ξc Ξ¯c 4936
cqc¯q¯ Λc Λc 4572
sss¯s¯ Ξ Ξ¯ 2628
sqs¯q¯ Λ Λ¯ 2232
qqq¯q¯ N N¯ 1876
Table 4: Potential symmetric (flavorless) V-baryonium states and the thresholds for their
baryon-antibaryon decays. q stands for u or d. The doubly bottom Ξbb and bottom-charm
Ξbc baryons are currently still unobserved.
It is trivial to determine the threshold masses for all of them. For a V-baryonium with a
content of (q1, q2, q¯3, q¯4) the threshold mass is the sum of the masses of the lightest baryon
(q1, q2, q) and the anti-baryon (q¯1, q¯2, q¯) where q is u or d.
MY(q1,q2,q¯3,q¯4) &MB(q1,q2,q) +MB¯(q¯3,q¯4,q¯)
In all the decays described in the table we have assumed that the pair created by the
breaking of the string is a pair of light quarks. In general, if the mass of the tetraquark is
high enough heavier pair can also be created. In particular a pair of (s, s¯). In [12] the ratio
of the widths of decays involving a creation of (s, s¯) over that of (u/d, u¯/d¯) was found out to
be ∼ 0.3. For example the excited state with n = 4 in table 1. can decay not only to Λc, Λ¯c
but also to Ωc, Ω¯c.
The search for the V-baryonium states conjectured in this section should be based on
identifying states that decay to a baryon and an anti-baryon. If fact we would like to
argue that this search may also lead to finding of baryons that have not been detected
yet[42, 43] like those with (b, c, s), (b, c, u/d), (b, b, s), (b, b, u/d). Even more exotic baryons
as (c, c, c), (b, c, c), (b, b, b) are unlikely to be found from decays of V-baryonium , since those
would require pair creation of heavy quarks.
7 Summary
In this note we studied the system of tetraquark candidates around X(6900) in analogy to
the system that includes the Ψ(4360) and Y (4630)/Ψ(4660). The latter was conjectured in
[7] to be a system of V-baryonium tetraquarks, which we argue is the case also for the new
states.
The smoking gun for this conjecture should be to observe higher excited states predom-
inantly decay into a baryon and anti-baryon. In this note, complementing the discussion of
[7], we account also for a decay mechanism involving annihilation of the BV and anti-BV in
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the tetraquark, for to the ground and other lower states that are too light to decay to the
baryon-anti-baryon pair.
Another signature of this conjecture are the HISH modified Regge trajectories associ-
ated with each V-baryonium state. Using the HMRTs we can predict the masses of excited
states, both orbital and radial excitations. The excited V-baryonium tetraquarks would pre-
dominantly decay to a baryon-antibaryon pair, and we would like to encourage experiments
looking at these channels.
The proposed upgrade of BEPCII, which will allow the BESIII experiment it to access
energies up to 4.9 GeV is a perfect opportunity to revisit the Y (4630)/Ψ(4660) state in the
ΛcΛ¯c channel [44]. Initial measurements near the threshold reveal some discrepancies with
Belle data [45]. Furthermore, we predict an excited JPC = 1−− state at around 4870 MeV,
which should decay predominantly to ΛcΛ¯c, which is still in that range. The threshold of
ΛcΣc at 4.74 GeV will also be accessible, so one could potentially discover also a tetraquark
state that decays to those baryons.
The X(6900) opens a new range for future experiments [46]. The unconfirmed second
resonance X(7200) is at the right mass to be a radial excitation of X(6900). The lower, wider
resonance around 6490 MeV also fits the same HMRT. The X(7200) is interesting being very
near the threshold for decay to Ξcc and Ξcc. A confirmation and accurate measurement of its
properties will be important in understanding the system. The next excitation, which would
decay predominantly to the doubly charmed baryon pair, is predicted at around 7500 MeV.
It should not be much wider than X(7200).
There are also many open questions regarding tetraquarks and the stringy model of the
V-baryonium . Let us list some here.
• A natural question about the HISH construction of exotics, is what about exotic hadrons
other than tetraquarks, such pentaquarks, hexaquarks, and so on. In [7] we schemat-
ically described other stringy constructions of exotic hadrons. The quest for more
complicated exotics requires further investigation. For example one can construct an
exotic hexaquark using three BV with three diquarks, all connected through an anti-BV
such that in total we get an object of baryon number 2 and with six quark endpoints.
This object may related to the exotic hadron discussed in [47].
• Whereas quarks and strings (flux tubes) are well understood in QCD the BV (sometimes
called a string junction [48]) is much less familiar. In holography it is described as a D0
brane or a fractional D0 brane, namely a Dp wrapping a p cycle. It carries the baryon
charge. Other properties like its mass, the structure of the diquark as a BV and two
sthort strings, or the annihilation process of BV with anti-BV all deserve further study.
• One of the major open questions regarding exotics regards the existence of tetraquarks
made up of light quarks only. It is probable that exotic tetraquarks are simply more
stable for hadrons that include heavy flavor quarks. In the string model, the decay
mechanism of breaking up of the string is not very sensitive to whether the endpoints are
light or heavy. However the other decay channel via annihilation of the BV and anti-BV
may have higher probability when there are light diquarks attached to the annhilating
pair. By this argument the V-baryonium made up solely of light quarks would be wide
and hence difficult to detect. This explanation deserves further investigation.
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